TCR Activation of ZAP70 Is Impaired in CD4+CD8+ Thymocytes as a Consequence of Intrathymic Interactions that Diminish Available p56lck  by Wiest, David L et al.
Immunity, Vol. 4, 495±504, May, 1996, Copyright 1996 by Cell Press
TCR Activation of ZAP70 Is Impaired in CD41CD81
Thymocytes as a Consequence of Intrathymic
Interactions that Diminish Available p56lck
David L. Wiest,*§ Jennifer M. Ashe,* phosphorylated z chains (phospho-z) (Nakayama et al.,
1989; Kearse et al., 1993), which is a posttranslationalRyo Abe,²‖ Joseph B. Bolen,³
and Alfred Singer* modification that recruits ZAP70 protein tyrosine kinase
(PTK) molecules into the TCR complex and is necessary*Experimental Immunology Branch
National Cancer Institute for propagation of productive TCR signals (Chan et al.,
1991, 1992, 1994; Arpaia et al., 1994; Elder et al., 1994;National Institutes of Health
Bethesda, Maryland 20892 Wange et al., 1995a; Negishi et al., 1995). Recently, TCR
complexes on CD41CD81 thymocytes have been found²Immune Cell Biology Department
Naval Medical Research Institute to be associated with ZAP70 molecules, although the
recruited ZAP70 molecules are not phosphorylated andBethesda, Maryland 20889
³Department of Cellular Signaling so are inan inactive form (van Oerset al., 1994). Why TCR
on CD41CD81 thymocytes are associated with inactiveDNAX Research Institute
Palo Alto, California 94304 ZAP70 molecules is unknown,but it isknown that activa-
tion of ZAP70 requires tyrosine phosphorylation of its
kinase domain (Watts et al., 1994; Chan et al., 1995;
Wange et al., 1995b), which can be accomplished bySummary
either p59fyn or p56lck (lck) (Marth et al., 1985; Kolanus
et al., 1993; Iwashima et al., 1994; Neumeister et al.,The fate of developing CD41CD81 thymocytes is deter-
1995; Weil et al., 1995), but is probably accomplishedmined by signals transduced through surface TCR
by lck in T lineage cells (Molina et al., 1992; Stein et al.,complexes. Here, we report that cross-linking of TCR
1992; Appleby et al., 1992).on CD41CD81 thymocytes fails to activate ZAP70 pro-
In the present study, we demonstrate that cross-link-tein tyrosine kinase and fails to initiate downstream
ing of TCR on normal CD41CD81 thymocytes fails tosignaling events, unless the TCR are coaggregated
phosphorylate and activate TCR-associated ZAP70with surface coreceptor molecules. TCR signaling in
molecules and so is unable to stimulate further down-CD41CD81 thymocytes is impaired because the num-
stream TCR signaling events, unless TCR are coaggreg-ber of available p56lck molecules is diminished by intra-
ated with surface coreceptor molecules. The inability ofthymic CD4±Ia interactions that initially activate p56lck
TCR on normal CD41CD81 to phosphorylate and activatemolecules, which are subsequently degraded. As a
TCR-associated ZAP70 molecules in response to TCRconsequence of intrathymic CD4±Ia interactions, TCR
cross-linking is due to intrathymic CD4±major histocom-z chains are initially phosphorylated to recruit ZAP70
patibility complex (MHC)class II interactions that quanti-molecules, but the recruited ZAP70 molecules are not
tatively diminish CD4-associated lck below the thresh-subsequently phosphorylated, resulting in TCR com-
old permitting lck molecules to be recruited to TCRplexes that are stably associated with inactive ZAP70
complexes by TCR cross-linking. CD41CD81 thymo-molecules. Thus, intrathymic interactions that dimin-
cytes are especially susceptible to intrathymic interac-ish p56lck regulate TCR signaling thresholds and affect
tions that diminish coreceptor-associated lck because,TCR structure in developing CD41CD81 thymocytes.
even in the absence of intrathymic interactions, thenum-
ber of available lck molecules was found to be insuffi-
cient to saturate available coreceptor binding sites. TheIntroduction
present results impose constraints on models of thymo-
cyte development that require surface TCR complexesThe developmental fate of immature CD41CD81 thymo-
to transduce signals in CD41CD81 thymocytes withoutcytes is determined by theT cell antigen receptors (TCR)
coengagement of surface coreceptors.they express and the intracellular signals they transduce
(Robey and Fowlkes, 1994). However, CD41CD81 thy-
mocytes express relatively few surface TCR complexes Results
(McCarthy et al., 1988) and the TCR they do express
are only marginally competent to transduce intracellular Structure of TCR Expressed
signals resulting in calcium mobilization (Finkel et al., on CD41CD81 Thymocytes
1987; Havran et al., 1987; Nakayama et al., 1990). While Before analyzing TCR signaling in CD41CD81 thymo-
impaired in calcium mobilization, it is not known whether cytes it was necessary to characterize the structure of
TCR on CD41CD81 thymocytes are similarly impaired in the TCR complexes that CD41CD81 thymocytes express
their ability to transduce signals activating intracellular on their surface. It is known that a significant fraction
tyrosine kinases. Indeed, a significant fraction of TCR of TCR complexes on CD41CD81 thymocytes contain z
complexes on CD41CD81 thymocytes have tyrosine chains that have been tyrosine phosphorylated (Nakay-
ama et al., 1989; Kearse et al., 1993; van Oers et al.,
1994), but it is not known how many of their surface§Current address: Fox Chase Cancer Center, 7701 Burholme Ave-
TCR complexes are associated with recruited ZAP70nue, Philadelphia, Pennsylvania 19111.
PTK molecules. Figure 1A demonstrates that essentially‖Current address: Division of Immunobiology, Research Institute for
Biological Science, Science University of Tokyo, Chiba 278, Japan. all phospho-z-containing TCR complexes onCD41CD81
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Figure 1. Association of ZAP70 with TCR Complexes on Immature CD41CD81 Thymocytes
(A) ZAP70 is associated with essentially all TCR complexes containing phospho-z. Digitonin extracts of purified CD41CD81 thymocytes were
immunoprecipitated with anti-CD3e before (lane 3) or after (lane 2) exhaustive preclearing with anti-ZAP70 antibody (lane 1) and the resultant
immunoprecipitates were resolved by SDS±PAGE under reducing conditions. Phospho-z was visualized using chemiluminescence by probing
with anti-phosphotyrosine (anti-PTyr) MAb 4G10 followed by horseradish peroxidase±conjugated protein A.
(B) ZAP70 can bind TCR complexes containing phospho-z heterodimers. Anti-ZAP70 and anti-PTyr immunoprecipitates from digitonin lysates
of purified CD41CD81 thymocytes were resolved by SDS±PAGE under reducing conditions. z isoforms were detected by blotting with anti-z
antibody (551) followed by 125I protein A and autoradiography. Positions of p21 phospho-z and p16 unmodified z are indicated and reveal that
anti-ZAP70 immunoprecipitates contained both phospho-z and unmodified z chains
(C) Quantitative comparison of ZAP70-associated TCR complexes on the surfaces of immature thymocytes and mature T cells. Purified
CD41CD81 thymocytes and splenic T cells were surface iodinated with 125I and lactoperoxidase. Immunoprecipitates of digitonin-solublized
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thymocytes contained associated ZAP70 molecules, as molecules (Veillette et al., 1989b; Wiest et al., 1993). CD4
coreceptors on CD41CD81 thymocytes are chronicallyanti-ZAP70 antibody precipitated all detectable phos-
pho-z molecules with none remaining to be precipitated engaged in the thymus by MHC class II (Ia) molecules
(Wiest et al., 1993) that are expressed in very highby anti-CD3e monoclonal antibody (MAb). Even TCR
complexes with only one phosphorylated z chain con- amounts on cortical epithelial cells (van Ewijk et al.,
1980). As a result, intrathymic CD4±Ia interactions cantained associated ZAP70 molecules, as anti-ZAP70
immunoprecipitates contained nonphosphorylated z alter lck associations in CD41CD81 thymocytes, a possi-
bility that we confirmed by comparing CD41CD81 thymo-chains inaddition to their phosphorylated partner z chain
(Figure 1B). These data demonstrate that ZAP70 mole- cytes from normal and MHC class II knockout (IIo) mice
(Cosgrove et al., 1991; Grusby et al., 1991). We foundcules are efficiently recruited to phospho-z-containing
TCR complexes on CD41CD81 thymocytes and predict that, relative to IIo mice, CD41CD81 thymocytes from
normal mice contained 5-fold less CD4-associated lckthat a significant fraction of surface TCR complexes
on CD41CD81 thymocytes should contain associated but differed only minimally in amounts of CD4-indepen-
dent lck (Figure 2, left), demonstrating that intrathymicZAP70 molecules. Indeed, 36% of surface TCR com-
plexes on CD41CD81 thymocytes could be immunopre- Ia interactions specifically deplete CD41CD81 thymo-
cytes of CD4-associated lck molecules. To observecipitated by anti-ZAP70 antibody (Figure 1C), indicating
that at least 36% of surface TCR complexes on these striking quantitative differences in CD4-associ-
ated lck, it was necessary to strictly maintain CD41CD81CD41CD81 thymocytes contained associated ZAP70
molecules. While ZAP70 has previously been shown to thymocytes at 48C as CD4±lck associations are reeÈ stab-
lished in 378C suspension cultures of CD41CD81 thymo-be associated with TCR complexes on both immature
thymocytes and mature resting T cells (van Oers et al., cytes because their CD4 molecules are no longer en-
gaged (Figure 2, right).1994), the present results demonstrate that the fraction
of surface TCR complexes containing associated ZAP70
molecules is much greater on immature CD41CD81 thy- Effect of Intrathymic Ia Interactions on TCR
Signaling by CD41CD81 Thymocytesmocytes than mature spleen T cells (36% versus 9%;
Figure 1C). The ZAP70 molecules present in TCR com- To examine the effect of intrathymic Ia interactions on
signaling through the TCR complex, we compared TCRplexes on CD41CD81 thymocytes were not phosphory-
lated (Figure 1D), but could be phosphorylated upon signaling in freshly isolated CD41CD81 thymocytes from
normal and IIo mice. Care was taken to strictly maintainstimulation with pervanadate (O'Shea et al., 1992), which
also induced hyperphosphorylation of z (p23 phos- the CD41CD81 thymocyte populations at 48C during the
isolation procedures. In these experiments, signalingpho-z; Figure 1D), a modification correlated with ZAP70
activation and productive TCR signaling (Sloan-Lancas- was accomplished by coating cells with specific MAbs
and then aggregating the bound MAbs with avidin. Weter et al., 1994; Madrenas et al., 1995). These structural
data reveal that, relative to mature spleen T cells, a found that such MAb-induced cross-linking of TCR on
CD41CD81 thymocytes from normal (Ia1) mice failed todisproportionate fraction of surface TCR complexes on
CD41CD81 thymocytes are associated with ZAP70 PTK induce TCR-associated ZAP70 kinase activity (Figure
3A, top, lane 2), failed to induce p23-z hyperphosphory-molecules that have not yet been activated and so might
ironically be viewed as ªarmedº. lation (Figure 3A, middle, lane 2), failed to induce phos-
pholipase Cg (PLCg) phosphorylation (Figure 3A, bot-
tom, lane 2), and failed to mobilize calcium (Figure 3B,Distribution of lck in CD41CD81 Thymocytes
To understand how ZAP70 molecules might have been top). In contrast, cross-linking of TCR on CD41CD81
thymocytes from IIo mice did induce TCR-associatedrecruited to surface TCR complexes on CD41CD81 thy-
mocytes without being activated, we examined the dis- ZAP70 kinase activity (Figure 3A, top, lane 6), p23-z
hyperphosphorylation (Figure 3A, middle, lane 6), PLCgtribution of lck in CD41CD81 thymocytes, since lck is
known to activate TCR-associated ZAP70 molecules by phosphorylation (Figure 3A, bottom, lane 6), and calcium
mobilization at modest but significant levels (Figure 3B,tyrosine phosphorylation of the kinase domain of ZAP70
(Kolanus et al., 1993; Iwashima et al., 1994; Watts et al., top). To confirm that TCR on freshly isolated CD41CD81
thymocytes from normal and IIo mice differed in their1994; Chan et al., 1995; Wange et al., 1995b; Weil et al.,
1995). lck molecules can associate with a number of ability to phosphorylate and activate ZAP70 molecules,
we next used anti-ZAP70 antibody to precipitate ZAP70different surface proteins (Bolen et al., 1991; Stefanova
et al., 1991) but, in CD41CD81 thymocytes, are predomi- molecules from normal and IIo thymocytes before and
after TCR cross-linking (Figure 3C). While CD41CD81nantly found in association with surface CD4 coreceptor
cell extracts were resolved by SDS±PAGE under nonreducing conditions. 125I-labeled proteins were visualized by autoradiography. Multiple
exposureswere obtained to ensure linearity,and the amounts of surface-labeled TCRab dimers inanti-ZAP70 relative to anti-TCRb immunoprec-
ipates were determined by densitometry. ZAP70 was not limiting in either cell type, as only 1% of intracellular ZAP70 molecules were found
in association with surface TCR complexes. It might be noted that the anti-ZAP70 immunoprecipitations went to completion, as no residual
ZAP70 protein was detected by immunoblotting (data not shown). Asterisk, monomeric clonotypic TCR subunits.
(D) TCR-associated ZAP70 molecules are not phosphorylated. Immunoprecipitates of purified CD41CD81 thymocytes that were unstimulated
or stimulated with pervanadate were resolved by SDS±PAGE under reducing conditions. Phosphoproteins were visualized by probing with
anti-PTyr antibody followed by 125I protein A. Positions of the p21 and p23 phospho-z isoforms and phospho-ZAP70 are indicated. Multiple
phosphorylated species of ZAP70 were observed and may reflect the addition of ubiquitin following pervanadate stimulation.
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they were directly coaggregated with armed TCR com-
plexes so that lck and ZAP70 molecules were physically
proximal to one another. To coaggregate TCR and CD4
molecules together, we coated cells with biotinylated
anti-TCR and biotinylated anti-CD4 MAbs, which were
then coaggregated by addition of avidin. We found that
antibody-induced coaggregation of surface CD4 with
TCRb did induce marked ZAP70 activation, p23-z hyper-
phosphorylation, PLCg phosphorylation, and calcium
mobilization in CD41CD81 thymocytes from Ia1 mice as
well as from Iao mice (Figure 3A, lanes 3 and 7; Figure
3B, lower left). The phosphorylated bands identified as
ZAP70 and lck in the immune complex kinase assay
(Figure 3A) were definitively shown to be ZAP70 and lck
by their recapture with appropriate anti-ZAP70 and anti-
lck (but not irrelevant anti-z) antibodies (Figure 3E). It
might be noted that anti-CD4 cross-linking by itself in-
duced PLCg phosphorylation (Figure 3A, lanes 4 and 8)
but not calcium mobilization (Figure 3B, lower right),
indicating that PLCg phosphorylation does not neces-
sarily result in calcium mobilization. Thus, we conclude
that the amount of CD4-associated lck remaining in
CD41CD81 thymocytes from Ia1 mice is sufficient, when
extensively coaggregated with surface TCR, to activate
ZAP70 and to induce further downstream signaling
Figure 2. Depletion of CD4-Associated lck in CD41CD81 Thymo-
events.cytes from Normal Mice Relative to IIo Mice
Sequential anti-CD4 and anti-lck immunoprecipitates of digitonin
CD4 and CD8 Compete for a Limitinglysates of CD41CD81 thymocytes purified from either C57BL/6 (B6)
Number of Available lck Moleculesor MHC IIo (IIo) mice wereresolved by SDS±PAGE. CD41CD81 thymo-
Our observation that intrathymic Ia interactions did notcytes had either been freshly explanted (ex vivo) or had been cul-
tured overnight at 378C (cultured). lck was visualized in the immuno- significantly affect overall lck levels but did impair TCR
precipitates by blotting with anti-lck (688) antibody followed by 125I signaling by diminishing CD41CD81 thymocytes of CD4-
protein A and autoradioagraphy. Multiple exposures were obtained associated lck implied that TCR signaling in CD41CD81
to ensure linearity and the amount of lck was quantitated by densi-
thymocytes required coreceptor-associated lck mole-tometry. Densitometric values were normalized to ex vivo
cules that were limiting innumber. To determine whetherCD41CD81 thymocytes from IIo mice, which were set at 1.0.
the number of lck molecules available for coreceptor
binding were, in fact, limiting in developing thymocytes,
thymocytes from normal and IIo mice contained similar we compared immature thymocytes from normal mice,
amounts of ZAP70 (Figure 3C, bottom), TCR cross-link- IIo mice, and CD4 knockout (CD4o) mice (Rahemtulla et
ing failed to induce ZAP70 phosphorylation in normal al., 1991), which do not express CD4 and so lack CD4-
CD41CD81 thymocytes but did induce ZAP70 phos- bound lck molecules.
phorylation in IIo CD41CD81 thymocytes (Figure3C, top). Total cellular amounts of lck were equivalent in thymo-
Further confirmation that TCR cross-linking activated cyte lysates from the three mouse strains (data not
ZAP70 in CD41CD81 thymocytes from IIo but not normal shown). However, the distribution of intracellular lck in
mice was obtained by immune complex kinase assays these three strains was not identical (Figure 4A). For
of anti-ZAP70 immunoprecipitates in which in vitro example, immature thymocytes from CD4o mice neces-
phosphorylation of ZAP70 and band 3 (an exogenously sarily lacked CD4-associated lck (Figure 4A, top). While
added substrate phosphorylated by ZAP70) was mea- the upper panels of Figure 4A reveal the absence of
sured (Figure 3D). We conclude that, whereas cross- CD4-associated lck in CD4o cells, they do not accurately
linking of TCR on CD41CD81 thymocytes from IIo mice reveal relative CD4-associated lck amounts in B6 and
does activate ZAP70, intrathymic Ia interactions that IIo thymocytes as these upper panels were overexposed
quantitatively diminish CD4-associated lck in normal to permit visualization of CD8-associated lck (Figure 4A,
CD41CD81 thymocytes impair the ability of TCR cross- bottom). In fact, we found that CD8-associated lck was
linking to activate ZAP70 and to generate downstream significantly higher in immature thymocytes from CD4o
signaling events. mice than from either normal or IIo mice (Figure 4A,
Next, we considered that intrathymic CD4±Ia interac- bottom), demonstrating that association of lck with CD8
tions might not only deplete many CD4 molecules of is markedly enhanced by the absence of CD4 expres-
associated lck but might also sequester remaining CD4± sion. These results lead to the conclusion that CD4 and
lck complexes molecules away from armed TCR com- CD8 coreceptors on CD41CD81 thymocytes compete
plexes. Consequently, we thought it possible that the for binding to a limited number of available lck mole-
number of residual CD4-associated lck molecules re- cules, and are consistent with lck having a higher binding
maining in CD41CD81 thymocytes might still be suffi- affinity for CD4 than CD8 (Veillette et al., 1989b; Luo and
Sefton, 1990; Wiest et al., 1993).cient to activate TCR-associated ZAP70 molecules if
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Figure 3. Effect of Intrathymic Ia Interactions on TCR Signaling
(A) Effect on tyrosine phosphorylation and ZAP70 kinase activity. Purified CD41CD81 thymocytes from C57BL/6 mice and MHC±IIo mice were
incubated with biotinylated anti-TCRb, or biotinylated anti-CD4 MAb, or both. Stimulation was accomplished by cross-linking the cell-bound
MAbs with avidin for 5 min. Detergent extracts were first immunoprecipitated with anti-z antibody and the anti-z immune complexes were
analyzed in immune complexkinase assay by autoradiography (top) and for phospho-z by anti-PTyr immunoblotting visualized by chemilumines-
cence (middle). Detergent extracts were subsequently precipitated with anti-PLCg antibody and the immune complexes assessed for phospho-
PLCg by anti-PTyr immunoblotting (bottom). Anti-PTyr immunoblotting of anti-z immunoprecipitates revealed ZAP70 phosphorylation analogous
to that observed in the anti-z immune complex kinase assay (data not shown). Phosphorylation of the bands indicated as phospho-ZAP70
and phospho-lck in the anti-z immune complex kinase assay (top) were definitively identified by resolubilization and reprecipitation (see below),
whereas phosphorylation of the band migrating between phospho-ZAP70 and phospho-lck was inconsistently observed and not clearly related
to TCR stimulation.
(B) Calcium mobilization in CD41CD81 from normal and MHC±IIo mice. CD41CD81 thymocytes from C57BL/6 and MHC±IIo mice were loaded
with the calcium sensitive dye indo-1 and stained with biotinylated antibody specific for TCRb, CD3ge, CD4, or both TCRb and CD4 together.
Cells were stimulated by cross-linking the bound biotinylated MAbs with avidin. It should be noted that we minimized the metabolic activity
of CD41CD81 thymocytes during loading with calcium-sensitive dye by culturing for 30 min at 318C. Normal B6, dashed line; IIo, solid line.
(C) ZAP70 phosphorylation following TCR cross-linking. Purified CD41CD81 thymocytes from C57BL/6 and MHC-IIo mice were incubated with
biotinylated anti-TCRb and stimulation was accomplished by addition of avidin for 5 min. Detergent extracts were immunoprecipitated with
anti-ZAP70 antibody and immunoblotted with anti-PTyr and anti-ZAP70 antibodies as indicated.
(D) ZAP70 kinase activity following TCR cross-linking. Purified CD41CD81 thymocytes from C57BL/6 and MHC±IIo mice were incubated with
biotinylated anti-TCRb and stimulation was accomplished by addition of avidin for 5 min. Detergent extracts were immunoprecipitated with
anti-ZAP70 antibody and the immune complexes analyzed in immune complex kinase assay by autoradiography. Phosphorylation of ZAP70
and band 3 (an exogenous ZAP70 substrate added to the kinase assay) induced by TCR cross-linking were quantitated by densitometry and
normalized to stimulation with medium alone.
(E) Identification of ZAP70 and lck molecules phosphorylated in the immune complex kinase assay. Anti-z immune complexes from 3(TCRb
1 CD4) stimulated cells were analyzed by kinase assay and resolubilized. The resolubilized material was reprecipitated with normal rabbit
serum (NRS), anti-ZAP70, anti-TCRz (551), or anti-lck (688) and the reprecipitates resolved by SDS±PAGE and visualized by autoradiography.
Identical results were obtained with CD41CD81 thymocytes from IIo mice.
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Figure 4. Remodeling of lck Associations in CD4o Mice
(A) Increased association of lck with CD8 in CD4o thymocytes. Triton X-100 detergent extracts of immature CD41CD81 thymocytes from
C57BL/6 (B6) and MHC±IIo (IIo) mice, and immature CD81 thymocytes from CD4o mice were sequentially immunoprecipitated with anti-CD4
MAb followed by anti-CD8 MAb. lck content of the resulting immune complexes was analyzed by blotting with anti-lck antibody (688) followed
by 125I protein A and autoradioagraphy. The position of lck is marked by arrows. Total lck levels were equivalent in these three populations
as determined by lck blotting of unfractionated cell lysates. It might be noted the upper panels indicating CD4-associated lck were overexposed
to permit visualization of CD8-associated lck in the lower panels.
(B) Increased ability of CD8 to support TCR signaling in CD4o mice. Purified CD41CD81 thymocytes from B6 and IIo mice, and CD81 cells from
CD4o mice were incubated either with medium (lanes 1±3) or with biotinylated MAb in the indicated combinations. Stimulation was accomplished
by cross-linking the cell-bound MAbs with avidin for 5 min. Triton X-100 detergent extracts were immunoprecipitated with anti-z antibody
and the resulting immune complexes analyzed in immune complex kinase assay. Migration positions of phosphorylated proteins are indicated.
To document that the lck molecules for which CD4 CD41CD81 thymocytes and for their association with
ZAP70 PTK molecules that have been recruited to theand CD8 compete are relevant for TCR signaling, we
compared TCR signaling in immature thymocytes from TCR but remain inactive. A schematic of these results is
presented inFigure 5. In this schematic, CD4-associatednormal, IIo, and CD4o immature thymocytes. In the exper-
iment displayed in Figure 4B TCR signaling was as- lck molecules must be physically juxtaposed with TCR-
associated ZAP70 molecules in order for lck to activatesessed by phosphorylation of TCR-associated ZAP70
molecules in an immune complex kinase assay; how- ZAP70, and such juxtaposition requires TCR aggrega-
tion. When CD4-associated lck molecules are numer-ever, similar results were obtained by assessing calcium
flux (data not shown). We found that the ability of CD8 ous, as in IIo mice, TCR aggregation is itself sufficient
to activate ZAP70; but when CD4-associated lck mole-to contribute to TCR signaling varied directly with the
number of CD8-associated lck molecules that were cules have been quantitatively diminished, as in normal
mice, ZAP70 activation requires direct coaggregation ofpresent. Thus, coaggregation of CD8 with TCR stimu-
lated significant TCR-associated ZAP70 kinase activity TCR and CD4. We have focused on intrathymic CD4±Ia
interactions as potentially the most important for regu-only in immature thymocytes from CD4o mice, but not
in immature thymocytes from CD4-expressing normal lating lck availability in CD41CD81 thymocytes, because
in these cells lck preferentially associates with the cyto-or IIo mice (Figure 4B, right lanes).
We conclude that TCR signaling competence is im- solic tail of CD4 (Veillette et al., 1989b; Luo and Sefton,
1990; Wiest et al., 1993). However, we think that intra-paired in immature thymocytes by intrathymic interac-
tions that deplete surface coreceptors of associated thymic interactions involving other lck-binding mole-
cules (e.g., Ly6, Thy, CD8) (Stefanova et al., 1991) maylck molecules, and that the number of lck molecules
available for coreceptor binding and TCR signaling in also diminish available lck in CD41CD81 thymocytes
and so may also contribute to impaired ZAP70 PTKimmature thymocytes is quantitatively limiting.
activation.
TCR signaling competence in CD41CD81 thymocytesDiscussion
is sensitive to intrathymic interactions involving surface
coreceptors, because we found the number of lck mole-The present results demonstrate that intrathymic inter-
actions that quantitatively diminish CD4-associated lck cules that is available to surface lck-binding molecules
and that is involved in TCR signaling to be limiting quan-in developing CD41CD81 thymocytes impair the activa-
tion of TCR-associated ZAP70 PTK molecules and the titatively. In fact, TCR signaling was impaired by intra-
thymic CD4±Ia interactions that substantially reducedsubsequent generation of downstream TCR signaling
events. Thus, we provide a molecular basis for dimin- the number of CD4-associated lck molecules but did
not significantly affect total intracellular lck levels. Inished signaling competence of TCR complexes on
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Intrathymic interactions that quantitatively diminish
available lck in immature CD41CD81 thymocytes do so
by initially activating coreceptor-associated lck mole-
cules that then appear to be degraded (Veillette et al.,
1988; Wiest et al., 1993). That intrathymic interactions
involving lck-binding molecules initially activate associ-
ated lck molecules suggests a mechanism by which
these interactions may induce the stable association
of surface TCR complexes with nonactivated ZAP70
molecules. Recruitment and activation of ZAP70 result
from two distinct phosphorylation events occurring at
temporally distinct intervals: the former requiring phos-
phorylation of TCR-associated z molecules (Chan et al.,
1991), and the latter requiring phosphorylation of TCR-
associated ZAP70 molecules (Watts et al., 1994; Chan
et al., 1995; Wange et al., 1995b). Both phosphorylation
events can be accomplished by lck (Nakayama et al.,
1989; Veillette et al., 1989a, 1989b; Kolanus et al., 1993;
Iwashima et al., 1994; Neumeister et al., 1995; Weil et
al., 1995). However, lck phosphorylation of z does not
require TCR aggregation (Nakayama et al,1989; Veillette
et al., 1989a), whereas we think that lck phosphorylation
of ZAP70 does require TCR aggregation. Consequently,
activation of lck in the absence of TCR aggregation
results in z phosphorylation and ZAP70 recruitment but
not ZAP70 activation, perhaps because the activated
Figure 5. Schematicof the Effect of Intrathymic Interactionson TCR lck molecules that initially phosphorylate z are no longer
Signaling
localized with the TCR complex when the recruited
In the thymus, CD41CD81 cells from normal mice (left) and from ZAP70 molecules arrive. Indeed, we would suggest that
MHC±IIo mice (right) express surface TCR complexes containing the p21 form of phospho-z is the result of the initial lck
tyrosine phosphorylated z chains that have recruited ZAP70 PTK
phosphorylation event and the p23 hyperphosphory-molecules. Surface CD4 molecules are engaged by Ia that is ex-
lated form of phospho-z is a consequence of the subse-pressed at very high levels on cortical epithelium, resulting in deple-
quent lck phosphorylation event. Thus, we propose thattion of CD4-associated lck molecules (top left). Depletion of CD4-
associated lck does not occur in MHC±IIo mice that lack the Ia ligand formation of stable TCR±ZAP70 complexes in immature
for CD4 (top right). Consequently, TCR aggregates formed by cross- CD41CD81 thymocytes results from intrathymic interac-
linking surface TCR complexes on CD41CD81 thymocytes from nor- tions that activate lck to phosphorylate z but do so in
mal mice, unlike those from MHC±IIo mice, fail to contain CD4-
the absence of TCR aggregation. In other words, stableassociated lck molecules that phosphorylate ZAP70 and induce
TCR±ZAP70 complexes in CD41CD81 thymocytes resultfurther downstream signaling events such as calcium mobilization
from the asynchronous engagement of coreceptor mol-(middle). However, direct coaggregation of TCR and CD4 molecules
together brings in sufficient amounts of residual lck to induce ZAP70 ecules without simultaneous TCR engagement. While
phosphorylation and productive signaling (bottom). CD4±Ia interactions are potentially the most important
for generating stable TCR±ZAP70 complexes in normal
normal CD41CD81 thymocytes that do not overexpress CD41CD81 thymocytes, intrathymic interactions involv-
either CD4 or CD8 coreceptor molecules, the number ing other lck-binding surface molecules can presumably
of lck molecules available for coreceptor binding was also contribute.
found to be insufficient to saturate the number of avail- Of note, the present results contrast with those of van
able coreceptor binding sites, a finding that appears at Oers et al. (1994) in that these latter investigators did
odds with the overall abundance of lck in CD41CD81 not observe any impairment in the ability of TCR cross-
thymocytes. However, many lck molecules in CD41CD81 linking to phosphorylate and activate ZAP70 in immature
thymocytes may not be available to surface coreceptor CD41CD81 thymocytes. Their failure to observe im-
molecules or to surface TCR complexes, because they paired TCR signaling in immature CD41CD81 thymo-
are either sequestered by other molecules or associated cytes is most likely due to their handling of CD41CD81
with membranes other than the plasma membrane. No- thymocytes, which permitted lck to reassociate with sur-
tably, lck has been shown to associate with nascent face coreceptor molecules after the cells had been re-
CD4 molecules in the endoplasmic reticulum (Shaw et moved from the thymus. Indeed, it is critical to maintain
al., 1989), so that lck can associate with membranes of CD41CD81 thymocytes strictly at 48C after removal from
intracellular structures and may traffic to the plasma the thymus in order to prevent lck reassociations that
artifactually improve TCR signaling in CD41CD81 thymo-membrane primarily in association with nascent lck-
binding molecules destined for the cell surface. From cytes when they are no longer in contact with Ia1 thymic
epithelium.this perspective, transport of nascent lck-binding mole-
cules to the plasma membrane may be an important It is of interest to note the structural similarity between
TCR complexes on developing CD41CD81 thymocytesmechanism for making lck accessible to surface TCR
complexes. and TCR complexes on mature T cells that have been
Immunity
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purchased from The Jackson Laboratory (Bar Harbor, Maine) andrendered unresponsive by stimulation with antagonist
then maintained in our facility.peptide antigens (Sloan-Lancaster et al., 1994; Ma-
drenas et al., 1995). Surface TCR complexes in both
Cell Preparationcases contain the p21 form of phospho-z, but not the
Freshly explanted thymocytes and splenocytes were strictly kept
p23 form; and both containassociated ZAP70molecules at 48C during isolation and purification. CD41CD81 thymocytes from
that have not been activated. While the basis for im- B6 and IIo mice were isolated by panning on anti-CD8 coated plates
paired TCR signaling in such anergic T cells remains to (Nakayama et al., 1989) and were consistently greater than 96%
CD41CD81. CD81 thymocytes from CD4o mice were isolated by thebe determined, we think that activation of coreceptor-
same procedure. Spleen T cell subpopulations were isolated byassociated lck without simultaneous TCR cross-linking
panning on rabbit anti-mouse immunoglobulin (Organon Teknika,may similarly result in formation of TCR±ZAP70 com-
Durham, North Carloina) coated plates (Nakayama et al., 1989).
plexes in mature T cells as it does in immature thymo-
cytes, and may similarly deplete available lck and result Antibodies
in diminished TCR signaling competence. That is, antag- The following antibodies were used: anti-CD3e (145-2C11) (Leo et
onist peptides that do not interfere with CD4±Ia interac- al., 1987); rabbit anti-ZAP70 (Burkhardt et al., 1994); rabbit anti-
TCRz (serum 551) (Wiest et al., 1995); anti-phosphotyrosine (4G10)tions may disrupt formation of TCR aggregates. Thus,
(UBI, Lake Placid, New York); anti-TCRb (H57-597) (Kubo et al.,exposure to antagonist peptides may lead to activation
1989); anti-CD4 (GK1.5) (Dialynas et al., 1983); rabbit anti-lck (serumof CD4-associated lck molecules without simultaneous
688) (Samelson et al., 1990); anti-CD8 (53-6.72) (Ledbetter and Her-
TCR cross-linking and, in this way, induce formation zenberg, 1979); anti-CD8 (2.43) (Dialynas et al., 1983); and anti-PLCg
of stable TCR±ZAP70 complexes and diminished TCR (UBI).
signaling competence.
Finally, the inability of surface TCR complexes to acti- Cell Lysis and Immunoprecipitation
Cells were lysed for 15 min at 48C in buffer containing either 1%vate ZAP70 and to initiate further downstream signaling
digitonin (Wako Bioproducts, Richmond, Virginia) or 1% Tritonevents in developing CD41CD81 thymocytes unless sur-
X-100 (RPI, Mt. Prospect, Illinois) and phosphatase inhibitors (1 mMface coreceptor molecules are coordinately coaggreg-
Na3VO4 and 2 mM EDTA) (Wiest et al., 1993). Insoluble material wasated has relevance for current models of thymocyte
removed by microcentrifugation for 10 min at 48C, following which
development. During development in the thymus, imma- the clarified detergent extracts were immunoprecipitated for 2 hr at
ture CD41CD81 thymocytes are induced toundergo ªlin- 48C using antibodies preadsorbed to Sepharose beads (Sigma, St.
Louis, Missouri) (Wiest et al., 1993). Protein A±sepharose was usedeage commitmentº in which they terminate synthesis
for all antibodies except GK1.5 (anti-CD4) and 53-6.72 (anti-CD8),of one or the other coreceptor molecule and become
which were bound to protein G±sepharose. Before further analysis,committed to differentiating into either CD41 or CD81
immunoprecipitates were washed three times with lysis buffer con-T cells. Three different models of lineage commitment
taining 0.2% of the detergent used for lysis.
have been proposed: instructional (Borgulya et al., 1991;
Robey et al., 1991), stochastic/selection (Chan et al. Surface Iodination
1993; Davis et al., 1993), and asymmetric commitment Cell surfaces of CD41CD81 thymocytes and spleen T cells were
(Suzuki et al., 1995). While the present results impose labeled with 125I (ICN Biomedicals, Costa Mesa, California) using the
lactoperoxidase catalyzed method (Samelsonet al., 1985). Iodinatedconstraints on all models of thymocyte development,
proteins were resolved by SDS±PAGE and visualized using fluorog-the stochastic/selection model is the one directly chal-
raphy and autoradiography, as described (Wiest et al., 1994).lenged by the present results, in that the stochastic/
selection model specifically requires signaling in
Electrophoresis and Immunoblotting
CD41CD81 thymocytes to be stimulated by isolated en- Immune complexes were eluted in SDS±sample buffer, resolved by
gagement of surface TCR molecules in the absence of SDS±PAGE, and transferred to Immobilon PVDF membranes (Milli-
coreceptor engagement, a signaling requirement that pore Corporation, Bedford, Massachusetts) as described (Wiest et
al., 1993). Tyrosine phosphorylated proteins were identified by prob-TCR on CD41CD81 thymocytes do not appear compe-
ing blots with anti-phosphotyrosine antibody (4G10 at 1 mg/ml; UBI)tent to fulfill. However, we cannot rule out the possibility
and developing them either with 125I protein A (ICN Biomedicals,that TCR can transduce developmental signals in
Costa Mesa, California) (Wiest et al., 1993) or, alternatively, with
CD41CD81 thymocytes that are not detected by in vitro horseradish peroxidase±conjugated protein A (Kirkegaard Perry
biochemical assays. Laboratories, Gaithersburg, Maryland) diluted 1:2500 in phosphate-
In conclusion, the present results demonstrate that buffered saline containing 0.4% Tween-20 followed by chemilumi-
nescence (Reflection, Dupont/NEN, Boston, Massachusetts). TCRzintrathymic interactions involving lck-binding molecules
and lck were identified by probing blots with rabbit anti-TCRz (551)affect TCR structure and TCR signaling competence in
and rabbit anti-lck (688) diluted 1:200 in 5% milk, phosphate-buf-immature thymocytes. Since TCR signals determine the
fered saline, as described (Wiest et al., 1993).
fate of developing thymocytes, the intrathymic mecha-
nisms that regulate TCR signaling competence play a
Stimulation
potentially critical role in thymocyte development. Both during and following purification, CD41CD81 thymocytes were
strictly maintained at 48C and then stimulated as indicated.
CD41CD81 thymocytes were stimulated at 107/ml for 10 min at 378CExperimental Procedures
with pervandate. The pervandate stock was produced by mixing
H202 and Na3VO4, incubating at ambient temperature for 15 min, thenMice
Young adult C57BL/6 (B6) mice were obtained from the National diluting 1:100 so that the final concentrations of H202 and Na3VO4
were 0.3 mM and 0.1 mM, respectively. Alternatively, CD41CD81Cancer Institute (Frederick, Maryland). H-2b mice lacking MHC class
II expression (IIo) were generated by targeted disruption of the Abb were stimulated with MAbs. CD41CD81 thymocytes (50±80 3 106)
from C57BL/6 or IIo mice were pelleted and resuspended at 107/mlgene (Grusby et al., 1991) and were originally provided by Dr. L. H.
Glimcher (Harvard) and expanded in our facility. Mice lacking CD4 in RPMI containing 1 mM Na3VO4 and biotinylated MAbs (10 mg/ml)
at 48C. After 10 min, the cells were pelleted, resuspended in 1 ml(CD4o) as a result of gene targeting (Rahemtulla et al., 1991) were
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of 20 mg/ml streptavidin (Southern Biotechnology Associates, Incor- M., Fargnoli, J., and Bolen, J.B. (1994). Temporal regulation of non-
transmembrane protein tyrosine kinase enzyme activity following Tporated, Birmingham, Alabama) that was prewarmed to 378C, and
incubated for another5 minat 378C. Cells were immediately pelleted, cell antigen receptor engagement. J. Biol. Chem. 269, 23642±23647.
lysed in buffer containing 1% Triton X-100 detergent, and immuno- Chan, A.C., Irving, B.A., Fraser, J.D., and Weiss, A. (1991). The zeta
precipitated as indicated. chain is associated with a tyrosine kinase and upon T-cell antigen
receptor stimulation associates with ZAP-70, a 70-kDa tyrosine
Kinase Assays phosphoprotein. Proc. Natl. Acad. Sci. USA 88, 9166±9170.
Immune complexes were incubated at ambient temperature for 3 Chan, A.C., Iwashima, M., Turck, C.W., and Weiss, A. (1992). ZAP-
min in kinase buffer containing 15 mCi/sample of [g±32P]ATP (ICN 70, a 70kD protein-tyrosine kinase that associates with the TCR
Biomedicals), followingwhich the immune complexes were resolved zeta chain. Cell 71, 649±662.
by SDS±PAGE, visualized by autoradiography, and quantitated by
Chan, A.C., Desai, D.M., and Weiss, A. (1994). The role of protein-densitometry (Wiest et al., 1993). ZAP70 and lck were identified
tyrosine kinases and protein-tyrosinephosphatases in T cell antigenfrom among the immunoprecipitated phosphoproteins in the kinase
receptor signal transduction. Annu. Rev. Immunol. 12, 555±592.assay by resolubilizing the immune complexes in 1% SDS, quench-
ing with 10 vol of lysis buffer containing 1% NP-40 (Wiest et al., Chan, A.C., Dalton, M., Johnson, R., Kong, G.H., Wang, T., Thoma,
1995) and reprecipitating with rabbit anti-ZAP70, rabbit anti-lck R., and Kurasaki, T. (1995). Activation of ZAP-70 kinase activity by
(688), rabbit anti-TCRz (551), andnormal rabbit serum. The reprecipi- phosphorylation of tyrosine 493 is required for lymphocyte antigen
tates were resolved by SDS±PAGE and visualized by autoradiog- receptro function. EMBO J. 14, 2499±2508.
raphy. Chan, S.H., Cosgrove, D., Waltzinger, C., Benoist, C., and Mathis,
D. (1993). Another view of the selective model of thymocyte selec-
Calcium Mobilization tion. Cell 73, 225±236.
CD41CD81 thymocytes were strictly maintained at 48C until they Cosgrove, D., Gray, D., Dierich, A., Kaufman, J., Lemeur, M.,Benoist,
were loaded at 107/ml in 2% fetal calf serum, RPMI with 1 mg/ml
C., and Mathis, D. (1991). Mice lacking MHC class II molecules. Cell
indo-1 (Molecular Probes, Eugene, Oregon) for 30 min at 318C. The
66, 1051±1066.
cells were then returned to 48C, distributed at 106 cells/tube, and
Coulie, P.G., Uyttenhove, C., Wauters, P., Manolios, N., Klausner,stained for 20 min with 1 mg each of the following biotinylated MAbs:
R.D., Samelson, L.E., and Van Snick, J. (1991). Identification of aanti-TCRb (H57-597); anti-CD4 (GK1.5); anti-CD3ge (7D6; Coulie et
murine monoclonal antibody specific for an allotypic determinantal., 1991); and anti-TCRb 1 anti-CD4. After washing with 0.5% bo-
on mouse CD3. Eur. J. Immunol. 21, 1703±1709.vine serum albumin, HBSS at 48C, the cells were warmed to 378C
and immediately loaded into a Coulter Epics Elite cytometer (Coutler, Davis, C.B., Killeen, N., Crooks, M.E.C., Raulet, D., and Littman, D.R.
Hialeah, Florida). Calcium mobilization was analyzed following avi- (1993). Evidence for a stochastic mechanism in the differentiation
din cross-linking (4 mg/ml) by monitoring the fluorescence emission of mature subsets of T lymphocytes. Cell 73, 237±247.
ratio at 395 nM:525 nM after excitation of indo-1 at 325 nM with Dialynas, D.P., Wilde, D.B., Marrack, P., Peirres, A., Wall, K.A., Hav-
a helium±cadmium laser. Data were analysed using the Multitime ran, W., Otten, G., Loken, M.R., Pierres, M., Kappler, J., and Fitch,
program (Phoenix Flow Systems, San Diego, California). F.W. (1983). Characterization of the murine antigenic determinant,
designated L3T4a, recognized by monoclonal antibody GK1.5, ex-
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